Abstract Arterial spin labeling (ASL) is a non-contrast method of measuring cerebral perfusion with MRI. It has several advantages over traditional contrast-based perfusionweighted imaging, including non-invasiveness, more straightforward cerebral blood flow (CBF) quantification, and repeatability. However, because of its lower signal-to-noise ratio (SNR) per unit time and its high sensitivity to arterial transit delays, it has not been used frequently in acute stroke, where arterial delays and time-efficiency are of the essence. This is beginning to change, driven by higher SNR implementations of ASL and the increasing use of 3T scanners. Furthermore, velocity-selective ASL sequences that are largely insensitive to arrival times are beginning to be applied to patients with cerebrovascular disease and promise the ability to quantify CBF even in regions supplied by latearriving collateral flow. Despite these advances, many practical issues must be addressed to optimize ASL for its use in acute stroke studies. These include optimizing the trade-off between time, SNR, imaging resolution, and sensitivity to slow flow. Rapid and robust post-processing of image data must be made routine, such that CBF maps are available in real time so that they can be considered when making treatment decisions. Lastly, automated software needs to be developed in order to delineate hypoperfused tissue volumes, which is challenging due to the inherent differences between gray and white matter CBF. Attention to these details is critical to translate this promising research tool into mainstream clinical trials and practice in acute stroke.
Introduction
Evaluating brain perfusion is an important part of the acute stroke workup with MRI, as prior studies have shown that critically hypoperfused tissue can go onto irreversible infarction in the absence of early reperfusion [1, 2] . The first studies that provided this information were based on the analysis of the MR signal changes caused by an intravenous bolus of a gadolinium-containing contrast agent [3, 4] . This approach has been termed bolus perfusion-weighted imaging (PWI). As these high magnetic susceptibility agents traverse through the brain capillary network, signal loss occurs due to the presence of magnetic field gradients between the vessels and the extravascular space, which is sampled using a fast MRI method using a repetition time on the order of 1-2 s. Since the bolus passes through the brain parenchyma within several seconds, a complete PWI scan rarely lasts over a minute or two. The signal loss induced by the bolus can be related to the tissue concentration which, coupled with a measurement of the arterial delivery of the agent (the arterial input function [AIF]), is used to estimate multiple hemodynamic parameters, including the relative cerebral blood volume, relative cerebral blood flow (CBF), and mean transit time. Additionally, measurements of the delay of the agent arrival can be measured, either directly (the time-to-peak signal or TTP) or via deconvolution with the AIF (Tmax). These latter parameters appear to have good discriminant power between normal tissue and tissue at risk of infarction in the absence of early reperfusion [5, 6] . Based on this, diffusionperfusion mismatch-based acute stroke trials have been performed using automated software [7] . This approach has become a mainstay of stroke triage with MRI in academic medical centers.
While the principles and first implementation of arterial spin labeling (ASL) to measure perfusion were demonstrated at about the same time as bolus PWI [8, 9] , it has yet to be applied to a clinical trial of acute stroke. Why is this? It could be argued that the initial implementations of ASL were particularly ill-suited for stroke studies. They had relatively poor SNR per unit time, partially based on the fact that only 1.5 T scanners were in routine clinical practice at the time. Scan time was upwards of 5 min, which was considered to be too time-consuming for inclusion in an acute stroke MR exam, in which a total of 10 min of imaging time is typical [10] . Additionally, the highest SNR implementation, using a continuous labeling pulse (so-called continuous arterial spin labeling), were very hardware-intensive, as RF amplifiers built to provide pulsed signals could not sustain continuous RF levels without causing damage to either the amplifier or unduly heating the patient. Finally, and perhaps most crucially, ASL was plagued by its high sensitivity to differences in arterial arrival time, since the label decays with the blood T1, which is on the same order or is smaller than the inherent delays between healthy and ischemic tissue in acute stroke. This leads to an underestimation of CBF in regions with long arterial arrival time, potentially overestimating the volume of at-risk tissue.
Why is ASL being revived as a potentially useful tool in the MR workup for acute stroke? One obvious consideration is the recognition that gadolinium-based contrast agents are contraindicated in patients with renal failure due to the risk of nephrogenic systemic fibrosis, first recognized in 2006 [11] . Since renovascular disease and cerebrovascular disease are often comorbid conditions, this limits the number of acute stroke patients that can get a bolus PWI examination. In these patients, ASL is the only perfusion study that is available with MRI. But how about using ASL in those without renal failure? Is there an advantage to doing both ASL and PWI? And what are the problems that have been solved and what practical issues remain? These are the topics that are addressed systematically in this study.
How Long Will It Take?
Time is of the essence in the acute stroke workup. Most published MR-based stroke protocols involve about 8-10 min of imaging time, which translates to about 15-20 min of real time, which includes patient transfer, hookup to power injector for contrast, pre-scan, etc. Results of the examination are usually interpreted in quasi-real time, since the scan is typically a decision point in the patient's triage. At our institution, the most common question is whether the patient would be a good candidate for intra-arterial tissue plasminogen activator (tPA) or mechanical thrombolysis therapy. There is evidence that the MR examination can also select patients who will respond to intravenous (IV) tPA outside of the traditional 3-4.5 h window of time from onset [2, 12, 13] .
Arterial spin labeling has traditionally required about 5-6 min to acquire a set of whole brain images with sufficient SNR for interpretation. This includes the imaging time required to obtain equilibrium magnetization maps that are required to scale the difference images (control minus label conditions) to create a quantitative CBF map. Our current protocol for 1.5 T imaging, for example, takes 5 min and 55 s. The nominal spatial resolution of these axial images is approximately 3.4 mm in-plane and 6 mm through-plane; approximately 36 slices are acquired in the superior-inferior direction using a 3D stack-of-spiral acquisition and pseudocontinuous labeling [14] . At 3 T, because of the higher inherent SNR, we choose to acquire images with slightly thinner slice thickness (4 mm) and similar in-plane resolution (3 mm), corresponding to an overall imaging time that is somewhat shorter (4 min and 37 s). ASL image quality, as shown in Fig. 1 , is markedly improved by moving to higher field strength, due to the higher baseline magnetization available and the longer T1 of the blood, which preserves the magnetization label. The complete details of this ASL implementation are described in Table 1 , which includes all of the sequences in our current MR stroke protocol.
From this discussion, it is clear that including the ASL sequence would increase the imaging time of the acute stroke MR protocol by about 50 %. It should be noted that this is a smaller percentage of the overall time of the examination, if one includes the time for setup. In fact, if only ASL needs to be performed, there is additional time saving since no IV hookup is required. Also, the ASL sequence parameters listed above are those we employ in all patients, mainly to keep things as simple as possible for our technologists. However, if this imaging time is considered prohibitive, it is possible to reduce the spatial resolution and thereby reduce the imaging time to achieve equivalent SNR. For example, if 8-mm slice thickness is considered reasonable at 3 T, ASL imaging times on the order of 2-3 min become feasible. This flexibility to trade off imaging time against SNR is one of the attractive features of the ASL method in general, a feature not possible with bolus PWI due to the finite, short time duration of the bolus through the capillary bed.
What About Imaging Slow Flow?
The next big practical matter to address is the fact that most implementations of ASL currently available yield erroneous quantitative results in regions where the time for the blood to travel between the site of labeling and the imaged slice is prolonged on the order of the combined labeling time plus post-label delay interval [15, 16] . In our implementation, that time is only about 3.5 s (labeling time 1.5 s + post-label delay 2.0 s). Arterial delays longer than this are common in acute ischemic stroke due to large vessel occlusion and pial collateralization. For example, in many bolus contrast PWI stroke studies, a time-to-peak or Tmax cutoff of 4-6 s appears to provide a good volume estimate of critically hypoperfused tissue. Another problem is that slow flow can be either underestimated (if the delay is very long or if vascular suppression techniques are used) or can appear heterogeneous, with high signal in sluggish feeding arteries and low signal in distal parenchyma if vascular suppression is not used (Fig. 2) . This issue will be further discussed in the next section.
To some extent, the CBF underestimation effect in ASL is unimportant if the goal is qualititative assessment of the region of hypoperfused tissue; in fact, it leads to increased contrast between normal and abnormal regions. The problem is that there is probably a range of mildly delayed flow that does not meet the bolus PWI Tmax or TTP criteria for at-risk tissue but still will appear hypoperfused on an ASL study (Fig. 3) .
The significance of this has not been well evaluated in stroke ASL studies, but it is clear that it exists [17] [18] [19] [20] . A recent study that directly compared ASL to bolus PWI for the determination of mismatch showed that if no mismatch was seen using ASL, it was exceedingly unlikely that a mismatch would be identified with bolus PWI [21] . However, the problem is that if there was a mismatch based on ASL, there was only about a 50 % chance that the exam would be considered a mismatch using PWI. Thus, if diffusion-weighted imaging (DWI) and PWI lesions are matched, there is a chance that Total imaging time is listed for a bolus PWI study and an ASL study separately Fig. 1 An example of ASL images acquired in clinical patients without obvious perfusion pathology at 1.5 T (a) and 3 T (b), using a 3D fast spin-echo background-suppressed pseudocontinuous labeling sequence. Images at 1.5 T required approximately 6 min to acquire, while the 3 T images required about 4.5 min. It should be noted that the improved SNR of the 3 T images is due to both the inherent higher signal sensitivity at and the longer blood T1 at higher field this will appear as a mismatch if ASL is used for perfusion, possibly leading to more aggressive treatment than that which would otherwise be offered.
To Crush or Not to Crush?
It is possible to insert crusher gradients or prepare the magnetization such that the ASL signal from moving spins with blood vessels will be suppressed or "crushed" [22] [23] [24] . The advantage of this is that the ASL signal that is observed is only due to spins that have been extracted out of the vessels and into the extravascular space of the brain. The degree of suppression can be controlled based on the size and timing of the gradients, with a typical cutoff velocity usually chosen on the order of 4-10 cm/s. The exact velocity cutoff is limited by the fact that as one goes to lower cutoffs, diffusion effects become prominent, leading to a decrease in overall ASL signal-to-noise. It is important to realize that ASL sequences that use a spin-echo readout are inherently vascular-suppressed to some extent, since fastflowing vessels will not experience both the slice-selective 90°and 180°pulses. Finally, it should be recognized that there is no consensus as to what the correct vascular cutoff value should be, and it is likely that very slow flow through extensive collaterals will be very difficult to suppress using this method. The only solution in these cases is to use an extremely long post-label delay time or a method such as velocity-selective ASL (VSASL). Both of these approaches will be discussed in the next section. While this effect for the most part will lead to CBF underestimation, if the label is in the feeding arteries at the time of imaging, one can see serpiginous high ASL signal surrounding a darker core lesion (where the labeled spins will ultimately perfuse). This has been termed arterial transit artifact (ATA) [25] . Its localization to the vascular watershed regions, particularly in a bilateral manner, has been dubbed the borderzone ASL sign and is often identified in older patients with reduced cardiac output by using standard labeling and post-labeling delay (PLD) times [26] . ATA is particularly evident in implementations of ASL that do not include vascular crusher gradients to suppress signal in blood flowing above a certain velocity (i.e., non-vesselsuppressed ASL). Currently, the GE 3D pseudocontinuous ASL product implementation does not routinely vesselsuppress; other vendors such as Siemens and Philips have vessel-suppressed pcASL demonstrate different appearances. The high ASL signal in the periphery of the lesion represents slow flow in collateral vessels. In our experience, this information about collateral networks is useful in the acute stroke setting Fig. 3 Scan on an eighty-six-year-old man with acute stroke in the right hemisphere. The regions of abnormal DWI (a) and critically hypoperfused tissue based on a bolus PWI (b) Tmax threshold of >6 s are largely matched. However, the ASL CBF images (c) demonstrate a larger hypoperfused region suggesting tissue at risk. The reason for the abnormality is that the mildly Tmax-delayed tissue (in the 4-6-s range) is underestimated on the ASL CBF map. Such a patient might benefit from a conventional ASL scan with longer labeling and post-label delay times, or a transit-time insensitive ASL sequence such as velocity-selective ASL (VSASL) available 2D pulsed ASL scanners that typically employ some degree of vascular crushing.
There are advantages and disadvantages to each approach. Vessel-suppressed ASL avoids the possible confusion that might arise between distinguishing ATA (indicative at some level of compromised perfusion) from luxury perfusion, which also shows high ASL signal; however, these two different patterns are usually easily recognized even on nonvessel-suppressed ASL due to the more uniform appearance of hyperperfusion (Fig. 4) . The advantages of non-vesselsuppressed ASL are the generally higher SNR, the ability to detect ATA that yields information on collateral flow, and the ability to use a single methodology to evaluate potential shunt lesions, such as small vascular malformations [27, 28] . One study using non-vessel-suppressed ASL evaluated the qualitative size of the perfusion deficit either including or neglecting ATA, thus trying to mimic the two choices [21] . It was found that for the purposes of comparing with bolus PWI, the simulated vessel-suppressed ASL more closely approximated the PWI mismatch conclusions. With experience, it is usually possible to distinguish slow flow from collaterals from high flow due to reperfusion, and we prefer to use a non-vesselsuppressed ASL sequence. In general, however, one does not usually get to choose this option if you are using a product ASL sequence, since you are dependent upon the vendor.
What if I Want Quantitative CBF?
In the clinical arena, the importance of the fact that ASL can obtain quantitative CBF remains unclear. While there are exceptions to this (global hyperperfusion states like hypercapnia and post-anoxic brain injury, for example [29] ), most of the time, a relative measure gives most of the required information. However, what is critical is that the relative CBF values are accurate, and this is the biggest problem with standard ASL implementations in stroke, since the underestimation and ATA associated with long delays can lead to erroneous conclusions about whether flow levels are too low to maintain cerebral viability. There are two solutions to this, both of which are costly in terms of SNR and/or imaging time.
The first is simple: take your standard ASL and maximize the labeling time and the post-label delay. This will make the images less sensitive to arrival time. An example of this is shown in Fig. 5 for a patient with unilateral Moyamoya disease. Using this product 3D pseudocontinuous ASL sequence, the labeling time cannot be increased (it is set at 1,500 ms). However, while we typically use a PLD of 2,000 ms, this can be increased, and the use of a PLD time of 3,000 ms demonstrates that CBF in the affected region of this patient is actually nearly normal. In our experience, very few patients with normal but delayed flow still show erroneous CBF measurements with this long PLD. However, the price of this insensitivity is high; because the ASL label is experiencing T1 decay, the percent signal change in the ASL difference images decreases, and more averages are required to achieve the same SNR. For example, our 4 min and 37 s standard 2,000 ms PLD ASL imaging time at 3T increases to 8 min and 37 s for the 3,000 ms PLD setting. This makes it suboptimal, due to increased patient motion, and results in the ASL sequence occupying a large time fraction of a rapid acute stroke MR imaging protocol. However, it is a solution, and particularly if time is not of the essence (perhaps in the setting of assessing reperfusion), it is probably the easiest fix.
The other approach to minimize transit delay errors is the use of a new class of ASL sequence that labels based on spin velocity rather than spin location [30, 31] . Velocityselective ASL uses a global velocity-selective labeling pulse to saturate spins moving above a certain velocity cutoff (V cut ), which is usually set at about 2 cm/s. Note that the Fig. 4 Example of the different characters of high signal provided from an ASL sequence without vascular suppression in the setting of delayed or collateral flow (a) and hyperperfusion (b). Collateral flow tends to surround a low ASL signal region, and the high signal has a serpiginous appearance outlining the collateral vessels themselves. Hyperperfusion appears more homogeneous and does not surround a low ASL region spins are labeled everywhere in the brain rather than in the neck, thus minimizing the effects of transit time. Following a time delay TI (analogous to the PLD in conventional ASL sequences), which allows arterial blood to decelerate and venous blood to accelerate, images of only slow-flowing spins (again based on the parameter V cut ) are imaged. Images taken with and without the velocity-selective pulse are subtracted, just like in conventional ASL, in order to provide a CBF measurement. A recent paper demonstrated superior performance of VSASL to depict regions with long arterial delay times in patients with steno-occlusive cerebrovascular disease [32] .
While being more insensitive to arrival time, VSASL has some problems that limit general applicability. First, there is no product version of VSASL available from any of the major commercial manufacturers. Second, since the velocity-selective pulse saturates rather than inverts flowing spins, the ultimate achievable SNR is reduced [32] ; of course, this is mitigated by the fact that spins do not have to travel very far to the capillary bed, and for this reason, TI can be kept short (our standard stroke protocol uses a TI of 1,600 ms), which buys back some of the SNR loss. In our experience, clinically robust and interpretable CBF images can be acquired with VSASL at 3T in about 5 min (Fig. 5) . It should be noted that slow flow effects are probably only mitigated in this approach rather than entirely suppressed, though one has some control over this by varying the sequence parameters [33] . It is possible that VSASL Fig. 5 ASL images in a patient with unilateral Moyamoya disease affecting the left middle cerebral artery territory but with only minimally decreased absolute CBF (based on goldstandard xenon CT examination (not shown). a Conventionally tagged pseudocontinuous ASL (pcASL) with a post-label delay time of 1,500 ms demonstrates a region of apparent hypoperfusion. b The same imaging sequence demonstrates symmetric flow if the post-label delay time is extended to 3,000 ms; however, the imaging time to acquire reasonable SNR is now approximately 9 min. c Velocityselective ASL (VSASL) using a TI of 1,600 ms shows similar findings to the very long PLD conventionally tagged pcASL image while maintaining the same imaging time (5 min). This suggests that VSASL may have a role in acute stroke ASL imaging may turn out to be the best ASL approach for acute stroke patients, given the trade-offs between imaging time and CBF quantification.
How Long Will It Take to Get My Results?
For any perfusion study to be useful in stroke, the results need to be available in near real time. The importance of this has been shown for PWI results and will become important for ASL as it is introduced into clinical trials and routine practice [7] . The time constraint in our experience is that the perfusion results should be available within 5 min of the end of the scan. Unlike bolus PWI, which needs to be the last or near last sequence in an acute stroke protocol, ASL can be acquired earlier since it does not require contrast. In fact, probably the best place for ASL is immediately following the DWI or following both the DWI and MRA sequences. This allows more time for post-processing, which can run while the remaining sequences are acquired. Some vendor implementations come with automated realtime reconstruction, but others require access to a dedicated workstation. Research-based pulse sequences generally require some sort of dedicated "pipeline" in which raw images can be transmitted to an off-line reconstruction, and CBF maps can be returned to the scanner or PACS system [34] . For non-background-suppressed ASL methods, motion correction or removal of motion-contaminated image pairs is essential to avoid swamping the tiny 1 % ASL signal. Finally, automated software that assesses CBF or arrival time measures to produce estimates of viable, at-risk, and infarcted tissue will make these methods more attractive to clinicians who do not have experience with perfusion imaging. Such lesion thresholding methods are challenging for CBF, which varies approximately twofold between normal gray and white matter. Nevertheless, there is experience on creating these maps from the CT perfusion literature that may be applicable to ASL. This is important because objective and quantitative lesion volume measurements are essential for wide-scale implementation of any perfusion imaging method.
ASL-Too Many Flavors?
One of the great strengths of the ASL technique is the incredible flexibility regarding exactly how to implement the labeling process and the readout strategy. However, it can also be a drawback. Clinical studies over the years have been performed with a wide range of ASL methodologies, which yield slightly different CBF values and have different sensitivities and artifacts. This is probably why bolus PWI, which can be much more easily standardized, has been a preferred method in acute stroke trials, especially multicenter trials. If ASL is to have the same impact as PWI in stroke triage, more standardization between vendors and research teams will have to occur. Table 2 outlines the clinical product ASL sequences currently provided by the major manufacturers at the time of writing.
While there are continued debates on many of these issues, the field seems to be coalescing around several ASL approaches. In particular, the improved SNR and reduced hardware demands of pseudocontinuous labeling appear to make it the labeling method of choice for clinical applications. Of course, pseudocontinuous ASL has its own problems, which include reduced labeling efficiency relative to pulsed methods and rare instances of focal poor labeling efficiency of specific arteries; however, the benefits accrued by its higher SNR are substantial and will likely drive its clinical application. Longer PLD sequences are also increasing in popularity (thanks to a desire to minimize arterial arrival time issues), and the growing use of 3T has aided this process.
Despite this, the current situation is that multicenter and multivendor trials using ASL are very challenging, and more studies comparing the results from the more common product implementations, preferably in the same subjects, should be a priority. More communication between researchers using different platforms, perhaps under currently existing organizations such as the Stroke Imaging Repository (stir.ninds.nih.gov) or the ASL network (asl-network.org) would be beneficial. Otherwise, ASL will be limited to small single center studies, and the results will not be transferable to general practice.
Conclusions
This article has summarized the author's experience using ASL in the acute stroke setting. The presence of long arterial arrival times requires attention to specific details of the ASL implementation, especially the optimization of the PLD time. With some experience and knowledge of the expected artifacts, it is possible to accurately interpret ASL findings in these patients. Much of this has been gained by acquiring contemporaneous bolus contrast perfusion imaging, which we recommend in the short term until one becomes comfortable with ASL interpretation. In the longer term, more standardization, particularly between vendors, will be required to realize the full potential of this non-contrast perfusion method in acute stroke.
